Purpose: To compare the measurements of the optic nerve head (ONH) parameters provided by time-domain (TD) and spectraldomain (SD) optical coherence tomography (OCT).
Methods: Four ONH parameters were analyzed: optic disc area, rim area, cup-to-disc area ratio (CDR), and vertical cup-to-disc ratio (VCDR). Stratus OCT and Cirrus HD-OCT were used to obtain measurements by TD-OCT and SD-OCT, respectively. Stratus OCT measurements were collected before and after manual correction of the ONH edges.
Results: Twenty healthy participants and 20 patients with glaucomatous eyes were enrolled. Although manual correction of Stratus OCT measurements reduced the differences compared with Cirrus HD-OCT, the latter measured a smaller mean disc area than Stratus OCT in healthy (2.02 ± 0.31 vs. 2.18 ± 0.29 mm 2 , P = 0.0003) and glaucomatous eyes (1.92 ± 0.35 vs. 2.19 ± 0.38 mm 2 , P < 0.0001). Cirrus HD-OCT measured a smaller rim area than Stratus OCT in healthy (1.31 ± 0.30 vs. 1.56 ± 0.32 mm 2 , P < 0.0001) and glaucomatous eyes (0.80 ± 0.25 vs. 0.97 ± 0.36 mm 2 , P = 0.0052), a higher CDR (0.55 ± 0.11 vs. 0.49 ± 0.11, P < 0.0001) and VCDR in healthy eyes (0.55 ± 0.11 vs. 0.49 ± 0.11, P < 0.0001), and a higher CDR in glaucomatous eyes (0.74 ± 0.10 vs. 0.58 ± 0.18, P < 0.0001). No statistically significant differences were detected for VCDR in glaucomatous eyes.
All measured values showed good correlation (rZ0.70). Large 95% limits of agreement between the 2 devices were found for most parameters.
Conclusions: ONH parameter measurements provided by TD-OCT and SD-OCT show significant differences and cannot be considered interchangeable.
Key Words: optic nerve, optical coherence tomography, glaucoma (J Glaucoma 2013;22:384-389) O ptical coherence tomography (OCT) is a noninvasive technology that uses near-infrared light to produce high-resolution cross-sectional images of the retina and the optic nerve. 1 Over the last 15 years, it has been used extensively to image the posterior pole of the eye in several diseases. Structural changes of the optic disc have been commonly assessed and quantified by measuring the thickness of the peripapillary retinal nerve fiber layer (RNFL), [2] [3] [4] [5] [6] whereas optic nerve head (ONH) analysis by OCT received less attention until a few years ago. However, it has finally gained importance for at least 3 reasons: (1) it improves the ability to discriminate between healthy and glaucomatous eyes [7] [8] [9] [10] [11] ; (2) ONH parameters play an important role in other diseases, such as Leber hereditary optic neuropathy, dominant optic atrophy, and nonarteritic ischemic optic neuropathy [12] [13] [14] ; (3) the ONH size influences the RNFL thickness measurements and, as a consequence, the sensitivity of Stratus OCT with respect to glaucoma detection, as a decrease in sensitivity has been reported in subjects with larger discs. [15] [16] [17] The latter studies were carried out by means of the Stratus OCT (Carl Zeiss Meditec, Dublin, CA), which uses time-domain (TD) OCT. The most recent development in OCT imaging uses spectral-domain (SD) technology, which improves data acquisition due to a higher scanning speed and resolution. 18 Cirrus HD-OCT (Carl Zeiss Meditec) is one of the most widely used devices with SD-OCT technology. Recent studies have shown that RNFL thickness measurements by this instrument are not interchangeable with those obtained by TD-OCT. 19, 20 No comparisons are yet available for the ONH analysis protocol, which was released on Cirrus HD-OCT in 2010 and has already been shown to provide repeatable measurements with a diagnostic accuracy as high as that achieved for RNFL thickness. [21] [22] [23] Given that glaucoma is a progressive disease, and so longitudinal follow-up is crucial, and that several thousands of glaucomatous patients who have been scanned with Stratus OCT since 2002 (the year it was made commercially available) will now be scanned with Cirrus HD-OCT, we were interested in assessing the level of agreement between the 2 instruments in measuring ONH parameters.
METHODS
For this prospective study, all participants were enrolled from a private practice (Studio Oculistico d'Azeglio, Bologna, Italy). Before being included in the study, each subject was informed of its purpose and gave a written consent to participate. The study protocol had been approved by the Institutional Review Board of the Department of Neurological Sciences of the University of Bologna, Italy. Study methods adhered to the provisions of the Declaration of Helsinki guidelines for research involving human participants.
All subjects were whites and were classified as healthy or glaucomatous. Healthy subjects were recruited among volunteers from the staff and patients with minor refractive disorders examined in the above-mentioned private practice. Inclusion criteria for healthy subjects were as follows: a best corrected visual acuity >20/25, refractive error between À 3 and + 3 D of sphere or between À 2 and + 2 D of cylinder, normal intraocular pressure <21 mm Hg, normal appearance of the optic disc, no significant ocular disease found by routine ophthalmological examination, no history of glaucoma in the family and/or systemic diseases with possible ocular involvement, such as diabetes mellitus. Glaucomatous patients were recruited among patients routinely followed up at the same private practice. Glaucoma was defined on the basis of the presence of visual field defects (described below) regardless of the ONH appearance and intraocular pressure. 23 Peripapillary atrophy (PPA) was not considered as an exclusion criterion (nor was it in healthy eyes).
Visual Field Examination
Visual field testing was performed using static automated white-on-white threshold perimetry (SITA Standard 24-2, Humphrey Field Analyzer II; Carl Zeiss Meditec). A visual field was defined as reliable when fixation losses, and false-positive and false-negative errors, were <20%. A visual field defect was defined as glaucomatous when having Z3 significant (P < 0.05) nonedge contiguous points with Z1 at the P < 0.01 level on the same side of the horizontal meridian in the pattern deviation plot and had been confirmed with Z2 consecutive examinations. 24 Visual field testing had to be performed within 1 month of testing with OCT.
Cirrus HD-OCT ONH Imaging
All scans were acquired by the same operator with the same Cirrus HD-OCT (software version 5.0) device using the optic disc cube 200Â200 protocol in eyes dilated with tropicamide 1%. The Optic Disc Cube 200 Â 200 protocol is designed to position the cube scan on the ONH and to be used primarily for glaucoma analysis. After the patient had been properly seated and aligned, the iris was brought into view using the mouse-driven alignment system, and the ophthalmoscopic image was focused. The ONH was then centered on the live image before the centering and enhancement was optimized. After the scanning process was launched, the instrument's 840-nm wavelength laser beam generated a cube of data measuring 6 mm Â6 mm after scanning a series of 200 B-scans with 200 A-scans per B-scan (40,000 points).
Only scans with a signal strength Z6 and without eye movements or blinking artifacts were used for analysis. With regard to ONH parameters, the algorithm identifies the termination of Bruch membrane as the disc edge. The rim width around the entire circumference of the optic disc is then determined by measuring the thickness of the neuroretinal tissue in the optic nerve as it turns to exit through the opening in Bruch membrane. The following ONH parameters were analyzed: disc area, rim area, cup-to-disc area ratio (CDR: ratio of cup area to disc area), and vertical cup-to-disc ratio (VCDR: ratio of the vertical line through the cup center to the same vertical line extending to the disc margin). These ONH parameters were automatically generated by a Carl Zeiss Meditec analysis algorithm that does not involve user interaction. 21 
Stratus OCT ONH Imaging
A second operator performed all OCT measurements with Stratus OCT (software version 4.0) a few minutes after the Cirrus HD-OCT measurements. ONH evaluation consisted of 6 radial scans centered on the ONH and spaced 30 degrees apart (Fast Optic Disc acquisition protocol). Each radial scan included 128 points. The machine automatically defined the edge of the optic disc as the end of the retinal pigment epithelium (RPE)/choriocapillaris layer and used smoothing with fit to circle to fill the gaps between scans. The resultant image could be manually corrected when the machine did not identify the edge correctly (in this case the operator moved one or both cursors on the edge of the RPE/choriocapillaris layer). The optic cup is defined by a cup-offset that by default runs parallel and 150 mm anterior to the reference plane as defined by the edge of the RPE. The optic cup is represented by the region below the cup-offset, and the neuroretinal rim by the area above it. Among the several ONH parameters provided by the Stratus OCT software, we analyzed the optic disc area, the rim area, the CDR, and the VCDR. In the present study, we recorded these values before and, when necessary, after the operator had manually corrected the disc edges. In addition, each scan was carefully evaluated to rule out possible artifacts (such as those deriving, eg, from posterior vitreous detachment).
Statistics
All statistical analyses were performed using GraphPad InStat version 3a for Macintosh (GraphPad Software, San Diego, CA www.graphpad.com). For statistical evaluations, only 1 eye, randomly chosen, was considered for each patient if both eyes were eligible for the study.
Mean values given by Cirrus HD and Stratus OCT were compared using a paired t test. Correlation with Pearson r coefficient (for parametric data) and Spearman r coefficient (for nonparametric data) was performed to assess how consistently the measurements of the 2 instruments varied together.
Agreement between Cirrus HD-OCT and Stratus OCT measurements was evaluated according to the method described by Bland and Altman. 25, 26 Bland and Altman plots allow us to investigate the existence of any systematic difference between measurements (ie, fixed bias). The mean difference is the estimated bias, and the SD of the differences measures the random fluctuations around this mean. The 95% limits of agreement (LoA) were defined as means ± 2 SD of the differences between the 2 measurement techniques.
Bland and Altman plots were also used to investigate the existence of proportional bias, which would indicate that the methods do not agree equally across the range of measurements (ie, the LoA will depend on the actual measurement). To evaluate this relationship formally, the difference between the methods was regressed on the average of the 2 methods.
RESULTS
Twenty healthy subjects (mean age: 54.6 ± 19.2 y) and 20 glaucomatous patients (mean age: 59.3 ± 18.7 y) were enrolled (none had to be excluded because of the abovementioned criteria or because the signal strength was <6); PPA was detected in 5 (25%) of the healthy and 9 (45%) of the glaucomatous eyes. Among patients, 16 had been diagnosed with open-angle glaucoma and 4 with normaltension glaucoma. The visual field mean defect of glaucomatous eyes was À 6.78 ± 5.22 dB. No artifacts in the automatic ONH analysis protocol by Cirrus HD-OCT were detected after careful checking of each examination. With regard to Stratus OCT scans, manual correction of the ONH edges was carried out for 19 of the 20 healthy and 19 of the 20 glaucomatous eyes (in the only case that did not require it, the same values were entered in both automatic and manual measurements for statistical analysis).
Disc and Rim Areas
Cirrus HD-OCT measured smaller disc and rim areas than Stratus OCT in both healthy subjects and glaucoma patients; the difference slightly decreased after manual correction of the ONH edges identified by Stratus OCT ( Table 1) . As expected, disc and rim area measurements, as performed by the 2 devices, showed good correlation ( Table 2 and Fig. 1 ). The correlation coefficient was slightly higher with manual than with automatic Stratus OCT measurements.
The difference in disc area (Cirrus HD-OCT minus Stratus OCT manually corrected) was correlated to the difference in rim area for both healthy (P = 0.0004, r 2 = 0.51) and glaucomatous eyes (P = 0.0208, r 2 = 0.26). In both groups, no statistically significant relationship was observed between the difference in disc area and other ONH parameters.
In healthy eyes, Bland-Altman plots for disc and rim area measurements revealed a weak agreement between Cirrus HD-OCT and Stratus OCT (Table 3) ; manually corrected measurements by Stratus OCT achieved slightly narrower 95% LoA than the automatic ones. A proportional bias was detected for the disc area, as the difference between Cirrus HD-OCT and Stratus OCT automatic measurements became higher with increasing disc size (r = À0.45, r 2 = 0.20, P = 0.046). Such a bias was not observed for manual disc area measurements obtained with Stratus OCT, or for rim area measurements (with or without manual correction of Stratus OCT values).
In the case of glaucomatous eyes, the 95% LoA for both disc area (Fig. 2) and rim area were even larger than in the controls, with slightly better results again for manually corrected measurements by Stratus OCT. No proportional biases for disc and rim area measurements were detected in case of glaucoma.
CDR and VCDR
In both healthy subjects and glaucoma patients, Cirrus HD-OCT provided higher CDR measurements than Stratus OCT (although the difference between Cirrus HD-OCT and Stratus OCT manual measurements was not statistically significant in case of glaucoma; Table 1 ). As far as the VCDR is concerned, Cirrus HD-OCT measured higher values than Stratus OCT in healthy eyes; in contrast, the mean values were quite similar in glaucomatous eyes, where no statistically significant differences between the 2 instruments were detected (Table 1) . In both groups, correlation disclosed a strong relationship between CDR and VCDR measurements as performed by the 2 devices (Table 2) .
Bland-Altman plots revealed a poor agreement between Cirrus HD-OCT and Stratus OCT CDR measurements in both healthy and glaucomatous eyes ( Table 3 ). The only parameter for which narrow 95% LoA were calculated was the VCDR, especially in glaucomatous eyes. No proportional biases were present for CDR and VCDR.
DISCUSSION
The results of the current study indicate that most ONH parameters measured by Cirrus HD-OCT are not interchangeable with those obtained by Stratus OCT because of statistically significant differences in the mean values and poor agreement in both healthy and glaucomatous eyes.
The strongest differences were detected in measurements of the disc and rim areas, for which Cirrus HD-OCT provided lower mean values than Stratus OCT. The reason for such discrepancies is unclear. We can rule out that these results depend on a different camera magnification of the fundus image, as this value is the same for the 2 instruments. 27 Hence, we can postulate that they are related to the different algorithms used to identify the ONH edges, and more specifically to 2 factors: first, in Cirrus HD-OCT, the algorithm identifies the termination of Bruch membrane as the disc edge, whereas in Stratus OCT, the termination of the RPE/choriocapillaris layer is used to define the disc edge. Second, while the Stratus OCT reconstructs the ONH shape by interpolating the data of 6 radial scans centered on the ONH and spaced 30 degrees apart and uses smoothing with fit to circle to fill the gaps between scans (Fig. 3) , the Cirrus HD-OCT takes advantage of the higher scanning speed of SD-OCT and analyzes the cube of data of the peripapillary area, with minimal interpolation (although inaccuracies may arise due to the fact that large retinal vessels cause a shadow that makes Bruch membrane opening not any longer visible). Differences are also present in the identification of the rim-cup boundary, but in this case, the Cirrus HD-OCT method has not been revealed by the manufacturer. The difference in disc area values between the 2 instruments was correlated to the difference in rim area, that is, when the disc area measured by Cirrus HD-OCT was lower, the rim area measured by the same instrument was lower too. Therefore, we suppose that the difference in rim area can be largely explained by the difference in disc area. In contrast, the difference in disc area does not seem to be related to the difference in the cup-to-disc ratio.
We were not surprised to observe a lower difference and narrower 95% LoA between Cirrus HD-OCT and Stratus OCT measurements when the latter were manually corrected; although most studies have relied on the automatic algorithm of Stratus OCT to avoid introducing a subjective component into their analysis, 11, 28 other authors have reported that manual correction of the ONH analysis by Stratus OCT leads to a more realistic and more reproducible approach, in view of frequent failed disc margin recognition. 29, 30 Accordingly, in a previous investigation, our own group had to perform manual correction in 78 of the 79 eyes (98.7%) because of imperfect identification of the ONH edges by the Stratus OCT internal software. 31 Agreement between the 2 instruments in disc and rim area measurements was better for healthy eyes than for glaucomatous eyes. One possible explanation is that the higher incidence of PPA in glaucomatous eyes in our sample might have influenced disc edge detection by one or both instruments.
As expected, the values provided by the 2 devices showed good correlation both in healthy and in glaucomatous eyes (with correlation coefficients higher, again, after manual correction of the Stratus OCT measurements). Consequently, we can speculate that findings from previous studies carried out with TD-OCT (eg, the association between large optic discs and better prognosis in Leber hereditary optic neuropathy or the association between small optic discs and dominant optic atrophy with OPA1 gene mutations) 13, 32 are also likely to prove valid once measurements are performed using Cirrus HD-OCT. Further studies are under way to confirm this hypothesis.
Agreement between the 2 instruments was also poor for CDR measurements in both groups of subjects. In healthy eyes, the agreement was poor for VCDR also, whereas in glaucomatous eyes, the latter parameter showed a small difference between the 2 devices and narrow 95% LoA. The reason why VCDR values in glaucoma were the only measurements with good agreement between the 2 instruments is not clear. However, we believe that automatic detection of the cup-rim boundary is simpler in glaucomatous eyes than in healthy eyes, due to the steeper slope of the ONH cup in eyes with glaucomatous optic atrophy. 33, 34 This study has some limitations that warrant further investigation. First, glaucomatous patients were not classified on the basis of the severity of visual field defect, using grading scales such as the one described by Hodapp et al. 35 Second, we did not aim to compare the diagnostic accuracy (sensitivity and specificity) of the 2 instruments for glaucoma detection. Given that the diagnostic accuracy of ONH measurements by TD-OCT has not yet been shown to be superior to RNFL thickness measurements, it will be interesting to investigate this issue by means of SD-OCT. Finally, we did not adjust the cup-offset of the Stratus OCT, as suggested previously by our own group. 31 In conclusion, our data show that ONH measurements provided by Cirrus HD-OCT and Stratus OCT are highly correlated but significantly different (the only exception being VCDR in glaucomatous eyes) and thus cannot be used interchangeably.
